Dendritic cells (DCs) play an essential role in the immune system. The transition from immature DC (iDCs) to mature DCs (mDCs) requires appropriate stimuli such as pro-inflammatory cytokines. Proteoglycans (PGs) are one of the main components of extracellular matrix, and some types of PGs are known to induce maturation of murine DCs. Recent studies have investigated the potential benefits of PG from nasal cartilage of salmon head (S-PG). This study investigated the effects of S-PG on maturation of human monocyte-derived DCs. iDCs were prepared from human monocytes using the appropriate cytokines and then stimulated by S-PG alone. In another experiment, iDCs were stimulated by a combination of pro-inflammatory cytokines (MIX) plus S-PG. Although the stimulation of S-PG alone did not induce phenotypic maturation from iDCs, CD40 expression on DCs stimulated by S-PG alone was lower than that of iDCs. In contrast, the phenotypic and functional characteristics of DCs stimulated by MIX؉ ؉S-PG were similar to those of DCs stimulated by MIX alone. As a result, S-PG did not demonstrate a significant effect with regard to maturation of human monocyte-derived DCs.
Dendritic cells (DCs) play key roles in immune regulation as professional antigen-presenting cells. There are three stages of differentiation: DCs precursors, immature DCs (iDCs), and mature DCs (mDCs). [1] [2] [3] iDCs locate in various tissues and migrate to inflammatory sites. iDCs capture antigens such as invading bacteria and viruses at inflammatory sites and then process the antigens for presentation on major histocompatibility complex molecules. Pathogen-derived components or pro-inflammatory cytokines can induce the maturation of DCs. During maturation, the DCs express chemokine receptor CCR7 and migrate from the inflammation site to the lymphoid organs in response to chemokines such as CCL19 (macrophage inflammatory protein-3b; MIP3b) and CCL21. 4) mDCs acquire a high antigen-presenting capacity and thereby vigorously stimulate the T-cell responses. 2) Proteoglycans (PGs) are composed of core proteins and the glycosaminoglycans (GAGs) that bind to them. They are one of the main components of extracellular matrix and thought to have a major role in chemical signaling among cells. They bind various secreted signal molecules such as certain protein growth factors, and can enhance or inhibit their signaling activity. 5) In addition, PGs also can modulate immune responses by themselves. For example, PGs purified from Agaricus blazei and Phellinus linteus can activate immune cells and induce maturation of DCs derived from murine bone marrow. [6] [7] [8] Furthermore, PGs extracted from whale nasal septum cartilage have been demonstrated to regulate chemotaxis of human monocyte-derived mDCs. 9) Recently, Majima et al. 10) succeeded in extracting PG from the nasal cartilage of the salmon head, which had only been considered waste material. Since then, the potential benefits of the salmon PG (S-PG) have been widely investigated. For example, S-PG promotes generation of progenitor cells for granulocyte-macrophages, erythrocytes, or megakaryocytes from hematopoietic progenitor cells derived from human umbilical cord blood.
11) Furthermore, S-PG has suppressive effects on the inflammatory response by mouse macrophages exposed to bacteria.
12) These benefits of S-PG have thus led us to expect that S-PG may potentially have various clinical applications such as ointment, cosmetic raw materials, and crude drugs. However, the effects of S-PG on human immune cells have not yet been elucidated. Specifically, the effects of S-PG on maturation of DCs have not been investigated. This point is very important if S-PG is eventually to be accepted as a treatment modality for humans. Therefore this study reports the effects of S-PG on maturation of DCs derived from human peripheral blood monocytes.
MATERIALS AND METHODS
Reagents Recombinant human granulocyte-macrophage colony-stimulating factor (rhGM-CSF), interleukin-1b (rhIL1b), rhIL-4, rhIL-6, tumor necrosis factor-a (rhTNF-a), and rhMIP-3b were purchased from PeproTech Inc. (Rocky Hill, NJ, U.S.A.). Prostaglandin E 2 (PGE 2 ) was purchased from Sigma-Aldrich, Inc. (Tokyo, Japan). The fluorescence-labeled monoclonal antibodies (mAbs), anti-human cluster of differentiation 1a-phycoerythrin (CD1a-PE), CD2-fluorescein isothiocyanate (CD2-FITC), CD40-FITC, human leukocyte antigen-ABC-FITC (HLA-ABC-FITC), CCR5-FITC (CD195-FITC), CCR7-PE (CD197-PE), mouse (immunoglobulin G 2a (IgG 2a ))-PE, and rat IgG 2a -PE were purchased from Becton Dickinson (San Jose, CA, U.S.A.). Anti-human CD8-, CD19-, CD80-FITC, CD4-, CD11c-, CD14-, CD83-, CD86-PE, mouse IgG 1 -FITC, and mouse IgG 2b -PE were purchased from Beckman Coulter (Fullerton, CA, U.S.A.) and anti-human CD3-PE and HLA-DR-PE were purchased from eBioscience (San Diego, CA, U.S.A.) to use for the flow cytometer analysis.
Preparation of S-PG and Its Characteristics S-PG was purified from nasal cartilage of salmon heads according to the previous report. 10) In brief, S-PG was prepared from nasal cartilage by extraction with 4% acetic acid and by precipitation with ethanol and dialysis against water. The S-PG used in this study was identical to that produced by ICHI-MARU PHARCOS Co., Ltd. (Gifu, Japan). S-PG was dissolved in Ca 2ϩ -and Mg 2ϩ -free phosphate-buffered saline (PBS). The GAG composition of S-PG was reported elsewhere. 13) The endotoxin level of S-PG was tested by Limulus Amebocyte Lysate PYROGENT ® Single Test Vials (Cambrex Bio Science, Walkersville, MD, U.S.A.). The concentration of PGs used in this study was 100 mg/ml; 100 mg/ml S-PG contained Ͻ10 pg/ml endotoxin. This endotoxin level is the same as that contained in 50 ng/ml rhGM-CSF plus 50 ng/ml rhIL-4.
Collection of Monocytes from Buffy-Coat This study was approved by the Committee of Medical Ethics of Hirosaki University School of Medicine (Hirosaki, Japan). After obtaining informed consent from all the normal human blood donors, peripheral blood was collected by the Aomori Red Cross Blood Center. The peripheral blood mononuclear cells (PBMCs) were separated from the buffy-coat (nϭ19) by centrifugation with Lymphosepar I (1.077 g/ml; ImmunoBiological Laboratories Co., Ltd., Takasaki, Japan). The PBMCs were washed at least three times with PBS containing 5 mM ethylenediaminetetraacetic acid (EDTA). Adherent monocytes were isolated by resuspending those cells in PBS and then allowing them to adhere to a plastic dish (Յ2.0ϫ 10 7 cells/60 mm dish) at 37°C for 1.5-2.0 h in a humidified atmosphere containing 5% CO 2 . Thereafter, any non-adherent cells were washed out with PBS. The adherent monocytes were cultured in RPMI 1640 (GIBCO, Grand Island, NY, U.S.A.) supplemented with 2% heat-inactivated human AB serum (GEMINI BIO-PRODUCTS, Woodland, CA, U.S.A.) and 1% antibiotic-antimycotic (which we hereafter refer to as the medium).
In Vitro Generation and Culture of Human Dendritic Cells DCs were generated from monocytes according to previously published protocols 14) with some modification. To prepare the iDCs, adherent monocytes were cultured in the presence of 50 ng/ml rhGM-CSF plus 50 ng/ml rhIL-4 at 37°C for 5 d in a humidified atmosphere containing 5% CO 2 . On day 3 during this 5-d culture, half of the culture medium was changed with new medium containing rhGM-CSF and rhIL-4 (both 50 ng/ml). After 5 d of culture, half the medium was changed with new medium and the cells were re-cultured in the presence of S-PG and/or maturation stimuli at 37°C in a humidified atmosphere containing 5% CO 2 . In one type of experiment, the iDCs were stimulated by 100 mg/ml S-PG for 4 d. After 4 d of culture, the cells were harvested for phenotypic analysis. Next, in a different experiment, the iDCs were stimulated by a cytokine mixture (10 ng/ml rhTNF-a, 10 ng/ ml rhIL-1b, 10 ng/ml rhIL-6, and 1 mg/ml PGE 2 : MIX) or a combination of MIXϩS-PG (100 mg/ml). After 2 d of culture, the cells were harvested for phenotypic and functional analysis.
Cell Surface Staining The induced DCs were stained with mAbs conjugated to FITC or PE at 4°C in the dark. The cells were also stained with corresponding FITC-or PEconjugated isotype control IgG for 30 min. After 30 min, the cells were washed with cold PBS and analyzed by flow cytometer (Epics XL, Beckman Coulter). The induced cells from monocytes could be distinguished from the debris and lymphocytes using a region established by their high forward and side scatter signals as previously described. 15 ) were re-suspended in a volume of 100 ml (RPMI 1640 supplemented with 2% heat-inactivated human AB serum) and then loaded in the upper chamber compartment. rhMIP-3b (100 ng/ml) was added to the lower compartment in a volume of 500 ml (RPMI 1640 supplemented with 2% heat-inactivated human AB serum). The lower compartment of the control chambers contained RPMI 1640 supplemented with 2% heat-inactivated human AB serum alone. After 2 h of incubation at 37°C in a humidified atmosphere containing 5% CO 2 , the cells that migrated through the 8-mm pore size polycarbonate filters in the lower compartment were collected and counted by flow cytometer using Flow-Count TM Fluorospheres (Beckman Coulter). The percent migrated cells was calculated as: (the number of cells migrated into the lower chamber containing MIP-3b-number of cells that migrated in control medium)/total number of cells loaded in the upper chamberϫ100.
Allogeneic Mixed Leukocytes Reaction Allogeneic 1.0ϫ10 5 CD4 ϩ T cells (95% CD4 ϩ T cells), which were purified from the PBMCs obtained from one individual with the use of Human CD4 T lymphocyte Enrichment Set-DM (BD Bioscience), were co-cultured in 96-well flat bottom microplates (Asahi Techno Glass Co., Ltd., Chiba, Japan) with different numbers of DCs. Each stimulated DC was 20 Gyirradiated by X-ray generator (MBR-1520R, Hitachi Medical Corporation, Tokyo, Japan) prior to co-culture with allogeneic CD4 ϩ T cells. Both cell types were co-cultured for 3 d in RPMI 1640 supplemented with 2% heat-inactivated human AB serum at 37°C in a humidified atmosphere containing 5% CO 2 . After 3 d of culture, the cells were incubated for an additional 20 h in the presence of [ 3 H]-thymidine (0.1 mCi/well, specific activity, 5 Ci/mmol; Moravek Biochemicals Inc., CA, U.S.A.). To determine the proliferation of CD4 ϩ T cells, the cells were harvested onto glass fiber filters (Whatman, U.K.) with a semiautomatic harvester (Labo Mash, Labo Science, Tokyo, Japan) and then the amount of [ 3 H]-thymidine incorporation was measured by liquid scintillation counter (LSC-5100, Aloka Co., Ltd., Tokyo, Japan). CD4 ϩ T cells alone were cultured as a negative control. The experiments were performed in triplicate cultures.
Statistical Analysis The data are expressed as the mean 
RESULTS

Phenotypic Characteristics of DCs Stimulated by S-PG
The iDCs induced by rhGM-CSF plus rhIL-4 expressed no lineage markers such as CD3 (T cells) and CD19 (B cells), and expressed trace levels of CD14 (monocytes/ macrophages; data not shown). They expressed CD86 and HLA-DR, but expressed either no or only trace levels of CD80 (Fig. 1A) . Furthermore, iDCs did not express CD83, which is expressed on mDCs. 19) Although stimulation by S-PG alone (100 mg/ml) did not affect expression of CD83, the positive percentage and MFI for CD40 of DCs stimulated by S-PG were significantly lower than those of iDCs (Fig. 1B) .
Phenotypic Characteristics of DCs Stimulated by MIX or MIX Plus S-PG Next, the effects of a combination of MIX plus S-PG were examined, because a combination of MIX plus PG extracted from the whale nasal septum cartilage promotes chemotaxis of monocyte-derived mDCs through upregulation of surface CCR7 expression. 9) iDCs were stimulated by MIX or a combination of MIXϩS-PG (100 mg/ml) for 2 d. The DCs stimulated by MIX expressed high levels of co-stimulatory molecules and CD83, thus showing characteristics of mDCs (Fig. 2) . The phenotype of DCs stimulated by MIXϩS-PG was similar to DCs stimulated by MIX alone (Fig. 2) . Although the DCs stimulated by MIX plus PG extracted from the whale nasal septum carti- 
Fig. 2. Cell Surface Antigen Expression on DCs Stimulated by MIX or MIXϩS-PG
The iDCs were stimulated by MIX (10 ng/ml rhTNF-a, 10 ng/ml rhIL-1b, 10 ng/ml rhIL-6, and 1 mg/ml PGE 2 ) or MIXϩS-PG (100 mg/ml) for 2 d. DCs stimulated by MIX or MIXϩS-PG were stained with the specific mAbs (filled black histogram) or isotype control mAbs (broken line) and then analyzed by flow cytometer.
lage increased surface CCR7 expression in comparison with MIX alone, 9) upregulation of surface CCR7 expression was not observed in the combination of MIXϩS-PG. Furthermore, intracellular CCR7 expression of DCs stimulated by MIXϩS-PG was the same as that of MIX-stimulated DCs (Fig. 3) .
Functional Characteristics of DCs Stimulated by MIX or MIX Plus PG mDCs migrate to the lymphoid organs in response to chemokines and interact with T cells. Therefore the chemotactic responsiveness of DCs to MIP-3b, a ligand for CCR7, was examined. Although the chemotactic responsiveness of iDCs to MIP-3b was Ͻ2%, MIX-stimulated DCs showed chemotaxis in response to MIP-3b (Fig. 4) . The chemotactic responsiveness of DCs stimulated by MIXϩS-PG was similar compared with MIX-stimulated DCs (Fig. 4) .
mDCs can stimulate proliferation of allogeneic leukocytes and this ability is often used as a surrogate marker of their activation. Therefore the ability of the DCs in allogeneic mixed leukocytes reaction was examined. MIX-stimulated DCs induced proliferation of allogeneic CD4 ϩ T cells. However, addition of S-PG to MIX did not significantly influence the ability of DCs to stimulate allogeneic CD4 ϩ T cells (Fig.  5) .
DISCUSSION
The present study investigated the effects of S-PG on maturation of DCs derived from human peripheral blood monocytes. PGs purified from the Agaricus blazei could induce maturation of DCs derived from murine bone marrow. 7) Furthermore, PGs isolated from Phellinus linteus can induce phenotypic and functional maturation via Toll-like receptor 2 and 4. 8) However, the present results showed that S-PG alone exerted little effect on expression of CD83 on the surface of DCs (Fig. 1A) and downregulated expression of CD40 (Fig.  1B) . These results indicate that S-PG alone is not able to induce phenotypic maturation of DCs and has an immune-suppressive effect rather than an immune-active effect because CD40 plays an important role in activating DC functions. Sashinami et al. 12) reported suppressive effects of S-PG on the inflammatory response by mouse macrophages exposed to bacteria. In their report, S-PG increased the anti-inflammatory cytokine IL-10 production by mouse macrophages exposed to bacteria. 12) Therefore although the mechanisms of downregulation of CD40 expression by S-PG remain unknown, it is possible that anti-inflammatory cytokines produced by S-PG may be associated with the phenomenon. In addition, they suggest that the immune suppressive effects of S-PG may be due to suppression of enhancement of Tolllike receptor 4 expression. Therefore the immune-suppressive effect of S-PG may not be effective in MIX stimulation not including a ligand for Toll-like receptor 4 such as a lipopolysaccharide. In addition, it would be interesting to investigate whether S-PG can inhibit maturation of monocytederived DCs by lipopolysaccharide.
The present study demonstrated that S-PG has no effect on maturation of DCs by MIX (Figs. 2-5 ). On the other hand, we have recently reported that PGs extracted from the whale nasal septum cartilage has an effect on the surface CCR7 expression of DCs and their chemotactic responsiveness without modifying their matrix metalloproteinase-9 activity and ability to stimulate allogeneic T cells.
9) The major difference between S-PG and whale PG is the species, thus suggesting the existence of differences in the core proteins and composition of GAGs. Whale PG contains more 4-sulfated unsaturated disaccharide units than S-PG. 13 ) Chondroitin A and B, which are structurally 4-sulfated, but not C, which is 6-sulfated, can activate monocytes to secrete IL-1b and B cells to proliferate, respectively. 20) Furthermore, chondroitin sulfate A promotes differentiation of DCs derived from human peripheral blood monocytes with upregulation of co-stimulatory molecules and HLA-DR expression. 21) These findings indicate that the types of GAGs are an important component for the immune response. Therefore although further studies are needed to determine the important compartments of the PG (i.e. core protein, GAGs, or both), it is thought that the difference in the composition of GAGs leads to the different effects of PG on human monocyte-derived DCs.
Various applications of S-PG such as ointment, cosmetic raw material, and crude drugs are anticipated, since previous reports have demonstrated biological activities of S-PG. 11, 12) The current study demonstrates that S-PG shows little effect on maturation of human monocyte-derived DCs. In other words, S-PG does not so far appear to induce any unreasonable immunological problems for human. Therefore our data may support the practical development of S-PG.
